Methylotrophic planktonic bacteria fulfill a particular role in the carbon cycle of lakes via the turnover of single-carbon compounds. We studied two planktonic freshwater lineages (LD28 and PRD01a001B) affiliated with Methylophilaceae (Betaproteobacteria) in Lake Zurich, Switzerland, by a combination of molecular and cultivation-based approaches. Their spatio-temporal distribution was monitored at high resolution (n = 992 samples) for 4 consecutive years. LD28 methylotrophs constituted up to 11 × 10 7 cells l − 1 with pronounced peaks in spring and autumn-winter, concomitant with blooms of primary producers. They were rare in the warm water layers during summer but abundant in the cold hypolimnion, hinting at psychrophilic growth. Members of the PRD01a001B lineage were generally less abundant but also had maxima in spring. More than 120 axenic strains from these so far uncultivated lineages were isolated from the pelagic zone by dilution to extinction. Phylogenetic analysis separated isolates into two distinct genotypes. Isolates grew slowly (μ max = 0.4 d − 1 ), were of conspicuously small size, and were indeed psychrophilic, with higher growth yield at low temperatures. Growth was enhanced upon addition of methanol and methylamine to sterile lake water. Genomic analyses of two strains confirmed a methylotrophic lifestyle with a reduced set of genes involved in C1 metabolism. The very small and streamlined genomes (1.36 and 1.75 Mb) shared several pathways with the marine OM43 lineage. As the closest described taxa (Methylotenera sp.) are only distantly related to either set of isolates, we propose a new genus with two species, that is, 'Candidatus Methylopumilus planktonicus' (LD28) and 'Candidatus Methylopumilus turicensis' (PRD01a001B).
Introduction
Pelagic freshwater bacteria are key factors in the biogeochemical processes of lakes. One particular role in the carbon cycle is fulfilled by methylotrophic bacteria that use single-carbon (C1) compounds such as methanol as sole sources of carbon and energy. Methanol is a main degradation product of pectin and lignin and is therefore mainly associated with plant growth and decay (Heikes et al., 2002; Vorholt, 2012) . In aquatic systems, methanol and other C1 compounds (for example, methylated sulfur species and methylated amines) may also be linked to primary producers. C1 units can be either directly released by phytoplankton species or can result of bacterial breakdown of algal carbohydrates (Sieburth and Keller, 1989; Milne et al., 1995; Heikes et al., 2002) . Other potential C1 sources include atmospheric deposition, allochthonous import (Heikes et al., 2002) , or photochemical degradation of dissolved organic carbon (Dixon et al., 2011a; Mopper et al., 1991) . Methanol is chemically stable and highly soluble in water because of its polarity (Dixon et al., 2011b; Heikes et al., 2002) . So far, reports of in situ concentrations of methanol have been restricted to marine habitats with concentrations ranging in the nM scale (70-429 nmol l − 1 ) and turnover rates as low as 1 day (range: 1-83 days) in very oligotrophic sites (Dixon et al., 2011a, b) . An indication for high methylotrophic activity and an important role in the in situ biogeochemical cycling of C1 compounds was provided by the overrepresentation of methanol dehydrogenases (MDHs) affiliated with Methylophilaceae (Betaproteobacteria) in metatranscriptomic and metaproteomic surveys in freshwater and marine habitats (Sowell et al., 2011; Gifford et al., 2013; Georges et al., 2014; Hanson et al., 2014) .
Aerobic methylotrophs can be found in various families of Proteobacteria, Verrucomicrobia, NC10, and Gram-positive microbes (Chistoserdova 2011) . The family Methylophilaceae includes four formally described genera (Methylophilus, Methylovorus, Methylobacillus and Methylotenera) isolated from terrestrial environments or freshwater sediments (Yordy and Weaver, 1977; Jenkins et al., 1987; Govorukhina and Trotsenko, 1991; Kalyuzhnaya et al., 2006) . Several representatives of these genera have been studied in detail and genome sequenced (Lapidus et al., 2011; Beck et al., 2014) . Moreover, members of the planktonic marine lineage OM43 have been isolated via dilution to extinction methods and genome sequenced (Connon and Giovannoni, 2002; Giovannoni et al., 2008; Song et al., 2009; Huggett et al., 2012) . OM43 have very small genomes (1.3 Mb) and a reduced set of genes encoding methylotrophic pathways (Giovannoni et al., 2008; Chistoserdova 2011; Halsey et al., 2011; Huggett et al., 2012) . Members of this lineage are abundant in coastal oceans, especially during phytoplankton blooms (Sekar et al., 2004; Morris et al., 2006) . Less is known about planktonic freshwater Methylophilaceae (Newton et al., 2011) . Two ubiquitous species-like lineages (LD28 and PRD01a001B) are widely distributed and especially LD28 are highly abundant and seasonally persistent in the pelagic zone of lakes (Newton et al., 2011; Parveen et al., 2011; Salcher et al., 2011a; Eiler et al., 2012) .
Here, we present an in-depth ecological assessment of members of the freshwater LD28 and PRD01a001B lineages in prealpine Lake Zurich, Switzerland. We used a multiphasic approach combining (i) highresolution monitoring of their distribution, (ii) isolation of 127 pure cultures via dilution to extinction, (iii) genome sequencing of two representatives and (iv) laboratory experiments about their methylotrophic lifestyle and adaptation to cold water temperatures. Based on these analyses, we propose the establishment of a new genus with two species, that is, 'Candidatus Methylopumilus planktonicus' and 'Candidatus Methylopumilus turicensis'.
Materials and methods
Study site and sampling Lake Zurich is a large, deep (136 m), prealpine, oligomesotrophic lake, characterized by persistent annual blooms of the toxic cyanobacterium Planktothrix rubescens (Posch et al., 2012) . Water samples were taken every second week from 17 January 2008 to 14 December 2011 at the deepest part of the lake. Vertical profiles of temperature, conductivity, turbidity, oxygen and chlorophyll a content were recorded using a YSI multiprobe (Yellow Springs Instruments, model 6600, Yellow Springs, OH, USA) and a bbe fluoroprobe (TS-16-12, bbe Moldaenke GmbH, Schwentinental, Germany). The fluoroprobe was calibrated to distinguish different phytoplankton groups and P. rubescens according to the fluorescent spectra of their pigments (Beutler et al., 2002) . Water samples were taken from 0, 5, 10, 20, 30, 40, 60, 80 , 100 m depth, and additionally from the depth of recorded chlorophyll a maxima. Forty milliliters of water were fixed with formaldehyde (2% final concentration) for flow cytometric counts of bacteria, and 5-10 ml were fixed with paraformaldehyde (pH 7.4, 2% final concentration) for CARD-FISH (fluorescence in situ hybridization followed by catalyzed reporter deposition) analyses. Unfixed water samples for the isolation of bacteria and the preparation of media were transported to the laboratory within 15 min. Chemical parameters were determined in monthly intervals with standard techniques by the Zurich Water Supply Company (Zurich, Switzerland).
Abundances of microbes affiliated with LD28 and PRD01a001B
Total microbial abundances were determined by an inFlux V-GS cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA) equipped with an ultraviolet (355 nm) laser. All samples were stained with 4',6-diamidino-2-phenylindole (DAPI, 1 μg ml − 1 final concentration), and weighted before and after measurements for sample volume quantification. Scatter plots of DAPI fluorescence vs 90°light scatter were analyzed with an in-house software (J Villiger, unpublished) .
CARD-FISH with fluorescein-labeled tyramides was carried out as previously described (Sekar et al., 2003) with probes specifically detecting microbes affiliated with LD28 (probe LD28-1017; Salcher et al., 2011a) and a newly designed probe targeting the PRD01a001B lineage. Probe PRD-732 (5′-TCAGTA TTAGTCCAGGGGGCTG-3′) and its competitor (5′-TC AGTATTAGSCCAGGGGGCTG-3′) was designed in ARB and tested following the workflow described in Salcher et al. (2011b) . Highest stringency was obtained with 50% formamide in the hybridization buffer. CARD-FISH-stained samples were analyzed by fully automated high-throughput microscopy (Zeder and Pernthaler, 2009) . Images were analyzed with the freely available image analysis software ACMEtool (technobiology.ch), and interfering autofluorescent cyanobacteria or debris particle were individually excluded from hybridized cells. At least 10 highquality images and 41000 DAPI-stained bacteria were analyzed per sample. A lower limit for the quantification for FISH-stained cells (0.14% of all DAPI-stained particles) was applied as determined previously (Neuenschwander et al., 2015) . Cell size estimations of LD28 bacteria were done on 12 samples (n = 1225 cells) with the software LUCIA (Laboratory Imaging Prague, Prague, Czech Republic) following the workflow described in Posch et al. (2009 Table S1 ). Twenty-four-well plates were incubated at close to in situ temperatures in a dark-light cycle (16:8 h) for 2-3 months. Growth of bacteria in individual wells was examined by pipetting 50 μl aliquots onto diagnostic glass slides (Thermo Fisher Scientific), which were air-dried at 45°C, embedded into DAPI mix and inspected with a fluorescence microscope (Zeiss AxioImagerM.1, Carl Zeiss, Jena, Germany). Wells containing dense bacterial cultures were further split in 500 μl aliquots that were (i) propagated to fresh medium, (ii) amended with glycerol (30% final concentration) and stored at − 80°C, and (iii) pelleted by centrifugation (30 min, 16 000 × g) and used for DNA isolation, PCR and subsequent sequencing of the 16S ribosomal RNA genes. PCR was conducted with general bacterial primers GM3f and GM4r (Muyzer et al., 1995) and 1 μl template of either extracted DNA (GenElute Bacterial Genomic DNA Kit, SigmaAldrich, St Louis, MO, USA) or pelleted bacterial biomass subjected to 2-3 cycles of freeze thawing. PCR products were purified and sequenced with the ABI BigDye chemistry on an ABI 3130x Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) with primers GM3f, GM4r and GM1f (Muyzer et al., 1995) . Partial sequences were assembled with the software DNA baser v3.5.0 (Heracle BioSoft, Lilienthal, Germany), aligned with the SINA web aligner (www.arb.silva.de) and imported into ARB (Ludwig et al., 2004) using the SILVA database SSU Ref 111 (Pruesse et al., 2007) . A bootstrapped maximum likelihood tree (GTR-GAMMA model) of sequences of isolates affiliated with Methylophilaceae, their closest relatives and other described genera of Methylophilaceae was constructed on a dedicated web server (Stamatakis et al., 2005) .
Growth characteristics and cell size of strain MMS-2-53 Strain MMS-2-53 was grown in triplicated setups of 40 ml sterile lake water amended with a mix of vitamins and amino acids (Supplementary Table S1 ) and different concentrations of methanol (0, 10 μM, 100 μM and 1 mM methanol) in Tissue Culture Flasks (25 cm 2 , TPP, Trasadingen, Switzerland) at 22°C in the dark for 69 days. One milliliter subsamples were taken twice a week, fixed with formaldehyde and counted by flow cytometry (see above). Sizing of cells was conducted with a Zeiss AxioImagerM.1 microscope after DAPI staining and filtration (0.2 μm filters, Osmonics, Penang, Malaysia) with the software LUCIA (Posch et al., 2009) . At least 100 individual cells per sample were subjected to image analysis (total n = 4384).
Growth on methanol and methylamine and temperature preferences of strain MMS-2-53 were tested in triplicated setups of 40 ml sterile lake water amended with amino acids, vitamins and 1 mM methanol (variant A), or 1 mM methanol and 100 μM methylamine (variant B) in Tissue Culture Flasks (TPP) incubated in the dark at 6°C, 13°C, 18°C and 22°C for 6 weeks.
Genome sequencing and annotation of strains MMS-2-53 and MMS-10A-171 Whole-genome sequencing of strains MMS-2-53 and MMS-10A-171 was done after an initial multiple displacement amplification as cell yields and DNA concentrations were too low for direct sequencing. Unfixed cells of strain MMS-2-53 were sorted on a flow cytometer, lysed and amplified with either the Repli-G Single Cell Kit (Qiagen, Hilden, Germany; three parallel samples with 20 000-40 000 sorted cells) following the manufacturer's instructions or with a RepliPHI (epicenter, 14 samples with 5000 or 10 000 sorted cells) according to Dean et al. (2002) and Woyke et al. (2011) . DNA extracts of strain MMS-10A-171 were amplified with the RepliPHI (11 samples). Multiple displacement amplification products were pooled for three and one individual libraries for strains MMS-2-53 and MMS-10A-171, respectively. 550-bp libraries were produced according to the manufacturer's instructions (TruSeq DNA PCR-Free LT Sample Preparation Kit, Illumina, San Diego, CA, USA) and 2 × 150-bp paired end sequences were generate on an Illumina MiSeq instrument (MCS versions 2.3.0.3 and 2.4.1.3, Illumina) with a 300-cycle MiSeq Reagent v2 kit (Illumina). Draft assemblies with A5-miseq (Coil et al., 2014) resulted in 6 and 38 contigs of strain MMS-2-53 and MMS-10A-171, respectively, whereof the largest 5 and 8 contigs (45000 bp) were used for primer design. A total of 53 and 71 primers targeting contig ends and regions with a coverage of o10x were designed with the software Geneious 7.1.7 (www.geneious.com) and used for additional PCRs. Totals of 83 and 121 additional sanger sequences finally closed all gaps and poorly covered regions in the two genomes.
Gene calling and draft annotations were done with the Rapid Annotation using Subsystem Technology (RAST) server version 2.0 (Aziz et al., 2008) and the MicroScope web platform (Vallenet et al., 2013) . Inconsistencies between the two methods and overlapping CDS were manually curated in ARTEMIS (Rutherford et al., 2000) and short CDS (o150 bp) without BLAST hits were discarded as artefacts. Homologies between genes of the two strains and their closest relatives, that is, methylophilales bacterium HTCC2181 (Giovannoni et al., 2008) , Methylotenera mobilis JLW8, Methylotenera versatilis 301, Methylovorus glucosetrophus SIP3-4 (Lapidus et al., 2011) , Methylophilus methylotrophus ATCC 53528 (NZ_ARJW00000000), Methylobacillus flagellatus KT (Chistoserdova et al., 2007) and a typical freshwater representative (Polynucleobacter necessarius subsp. asymbioticus QLW-P1DMWA-1; Meincke et al., 2012) were identified with the MicroScope web platform using protein identity cutoffs of ⩾ 30% and ⩾ 70% (minLrap ⩾ 0.8; maxLrap ⩾ 0). Reconstructions of methylotrophy pathways were modeled according to their closest relatives using comparative genomics tools of the MicroScope platform (Vallenet et al., 2013) . Digital DNA-DNA hybridization of the two genomes and closely related strains was done via the Genome-to-Genome Distance Calculator using the GGDC 2.0 BLAST+ alignment method (Meier-Kolthoff et al., 2013) . Annotated genome sequences have been deposited at EMBL (sequence accessions LN827929 and LN794158).
Statistical analyses
Before statistical analyses, data of relative abundances (% of DAPI) were arcsine transformed and cell numbers and physicochemical variables were log(x +1) transformed to better approximate a normal distribution. Redundancy analysis was used for determining the effects of environmental data on microbes affiliated with LD28 and PRD01a001B in Lake Zurich. The significance of added variables was tested by a Monte Carlo permutation test (500 permutations), and only variables with a highly significant correlation (Po0.0001) were included in the analysis. Significant differences in the growth of isolate MMS-2-53 according to different treatments were tested by one-way analysis of variances (Tukey post-hoc tests). All analyses were performed with the Microsoft EXCEL add-in program XLSTAT (www.xlstat.com).
Results
Spatio-temporal distribution of Methylophilaceae in Lake Zurich in relation to environmental parameters Microbes affiliated with LD28 (see Figure 1 for phylogenetic positioning) were present in all analyzed samples (n = 992) in varying numbers. Two seasonal maxima (up to 11.3 × 10 7 cells l − 1 or 4.1% of DAPI) in spring and autumn-winter were discernable in all four analyzed years ( Figure 2a,  Supplementary Figure S1 ). Bacteria of the PRD01a001B lineage were below the limit of detection (o0.14% of DAPI-stained cells) in most of our samples (n = 642). However, a distinct maximum of up to 4% of DAPI-stained cells (3.2 × 10 7 cells l − 1 ) was found in the hypolimnion in summer 2011 (Figure 2b, Supplementary Figure S1 ). This abundance peak lasted for several weeks between April and August 2011, but was absent in the other years, where maxima of 1% or 2.4 × 10 7 cells l − 1 were restricted to the epilimnion in spring.
Redundancy analysis resulted in a significant explanation of variability in both lineages ( Figure 3 ). Axis 1 correlated mostly with chlorophyll a concentrations (total chlorophyll a and chlorophyll a associated with the cyanobacterium Planktothrix rubescens and diatoms), nitrate, phosphate and ammonium, whereas the second axis separated chlorophyll a of P. rubescens from that of diatoms, as well as nitrate from phosphate and ammonium (see Supplementary Figure S2 for details of all environmental parameters). Population sizes of both lineages were clearly separated from each other; LD28 methylotrophs were more related to total and P. rubescens chlorophyll a (Pearson's correlation coefficient R = 0.729 and R = 0.611, respectively, Po0.0001), whereas PRD01a001B bacteria were more related to ammonium and diatom chlorophyll a (R = 0.353 and R = 0.309, respectively, Po0.0001). Nitrate and phosphate was negatively related to both methylotrophs (R = − 0.618 and R = − 0.233 for nitrate and R = − 0.655 and R = − 0.160 for phosphate, correlation to LD28 and PRD01a001B, respectively, Po0.0001).
Isolation of Methylophilaceae from Lake Zurich 2077 of a total of 6507 inspected wells contained dense cultures, 788 of these appeared to be monocultures, and 115 and 12 of these were pure cultures affiliated with LD28 and PRD01a001B, respectively (Figure 1, Supplementary Figures S3, S4 , Table S1 ). All isolates within each of the two lineages were very closely related to each other according to the 16S ribosomal RNA genes (98.6-100% and 99.7-100% sequence similarity for LD28 and PRD01a001B, respectively), but they were distantly related to the strains of the other genotype (95.2-96.5%) and to so far described taxa of Methylophilaceae (o95.6%; Table 1 ). Both clades and the marine OM43 formed a monophyletic sister lineage to Methylotenera, with Ecology of planktonic freshwater Methylophilaceae MM Salcher et al PRD01a001B branching more deeply from LD28 and OM43 (Figure 1, Supplementary Figures S3 and S4) . One isolate of LD28 (strain MMS-2-53) and PRD01a001B (strain MMS-10A-171) were subjected to genome sequencing (Table 2) . Digital wholegenome DNA-DNA hybridization of our isolates and genome sequenced Methylophilaceae resulted in very low similarities (o26.2%; Table 1 ). Thus, these isolates, together with the marine OM43, likely represent a new genus within Methylophilaceae. We therefore propose to establish a new 'Candidatus' genus with two new species, that is, 'Candidatus Methylopumilus planktonicus' for isolates affiliated with LD28 (strain MMS-2-53) and 'Candidatus Methylopumilus turicensis' for isolates affiliated with PRD01a001B (strain MMS-10A-171).
Growth of strain MMS-2-53 with different concentrations of methanol Cultivation of strain MMS-2-53 was only successful in sterile lake water, whereas no growth was visible on agar plates (neither prepared with lake water nor with conventional R2A, NSY or K-medium agar plates amended with methanol) or in conventional liquid media (R2, NSY, K-medium, inorganic basal medium Figure 3 Redundancy analysis of environmental parameters explaining the variability in cell numbers of microbes affiliated with LD28 and PRD01a001B in Lake Zurich. LD28, abundances of LD28; PRD, abundances of PRD01a001B; total chla, total chlorophyll a; P.rub. chla, chlorophyll a associated with Planktothrix rubescens; diat. chla, chlorophyll a associated with diatoms; O 2 , oxygen concentrations; NH 4 , ammonium concentrations; NO 3 , nitrate concentrations; PO 4 , phosphate concentrations. amended with methanol). Strain MMS-2-53 reached maximal cell densities of 1.8 × 10 9 cells l − 1 in sterile lake water after 36 days, corresponding to a maximal growth rate of μ max = 0.16 d − 1 (Figure 4a ). Significantly higher growth yields (4.9 × 10 9 cells l − 1
) and growth rates (μ max = 0.37 d − 1 ) were achieved by the addition of methanol at different concentrations. Substrate saturation was apparently reached at 100 μM methanol, which yielded identical growth rates as the addition of 1 mM methanol. A precise calculation of K m or K s was hampered by the unknown concentration of methanol in the lake water. The cell sizes of strain MMS-2-53 were very small (median = 0.041 μm 3 , n = 3552) during stationary growth phase (Figure 4b) , however, volumes significantly increased during exponential phase (0.075 μm 3 , n = 832). No significant differences in cell volume were recorded at different concentrations of methanol. Interestingly, cell volumes similar to those of stationary phase cultures were also obtained from CARD-FISH-stained preparations of LD28 microbes in Lake Zurich during population decline in the epilimnion in spring (0.048 μm 
Effects of water temperature and additional C1 substrates
The relative abundances of LD28 microbes in Lake Zurich showed recurrent maxima in winter and were negatively related to water temperature in the upper water layers (epilimnion, 0-10 m depth, Figures 5a and  b) . To test for direct effects of water temperature and additional C1 substrates, we incubated strain MMS-2-53 with 1 mM methanol at different temperatures and in the presence or absence of 100 μM of methylamine (Figure 5c ). There was only a slight effect of incubation temperatures on abundances when cells were grown with 1 mM methanol only (4.5-6.7 × 10 9 cells l − 1
). The addition of methylamine increased the cell yield by 1.2-2-fold and led to significantly higher cell numbers at 6°C (12.8 × 10 9 cells l − 1 ) when methylamine served as second C1 substrate.
Insight into the genomes of planktonic freshwater Methylophilaceae
The sizes of the two newly sequenced complete genomes of strains MMS-2-53 and MMS-10A-171 were 1.36 and 1.75 Mb with a GC content of 37% and 44%, respectively (Table 2, Supplementary Figures  S5 and S6 ). Only very low proportions of the 1389 and 1757 protein-coding genes were shared with other Methylophilaceae (o20%) at a protein similarity cutoff of ⩾ 70% (Figure 6a , Table 1 ). Table S2 ). Both isolates lacked genes encoding MDH but instead possessed genes xoxFJG, homologs of MDH, as well as PQQ biosynthesis genes (mxaRSACKL and pqqBCDEFG) that are required as a cofactor of MDH. Genes for a formaldehyde dehydrogenase were absent in both isolates, but all genes of the tetrahydrofolate (H 4 F) pathway for formaldehyde oxidation were present. The genomic organization of these genes involved in methanol and formaldehyde oxidation was highly similar to marine OM43. MMS-2-53 also lacked genes for the tetrahydromethanopterin (H 4 MPT) pathway of formaldehyde oxidation, while MMS-10A-171 encoded this pathway. Genes neither for the N-methylglutamate pathway nor for a methylamine dehydrogenase for methylamine oxidation were identified in both isolates. Formate is oxidized to CO 2 with a formate dehydrogenase, with all genes organized serially in both strains (fdhABCDE). Further, both isolates encoded all genes of the ribulose monophosphate cycle and the Entner-Doudoroff pathway for the assimilation of carbon from C1 compounds.
Discussion
Phytoplankton as major sources of C1 substrates support the growth of planktonic freshwater Methylophilaceae Our high-resolution sampling campaign in Lake Zurich (n = 992 individual samples, Figure 2 , Supplementary Figures S1 and S2) helped to identify potential environmental drivers for planktonic freshwater Methylophilaceae. The striking annually recurrent maxima of LD28 microbes in spring and autumn-winter seem to be mainly determined by the availability of C1 substrates released by phytoplankton. Seasonal maxima of these Methylophilaceae in late spring and autumn-winter of up to 3.5% of pyrosequencing reads were also reported from Lake Erken, Sweden (Eiler et al., 2012) . However, the latter study found negative correlations to chlorophyll a, whereas we observed the opposite, which may be a consequence of the higher resolution of our data set (Figures 2 and 3) . The same authors also reported an association of LD28 microbes with cyanobacterial blooms in several Swedish lakes (Eiler and Bertilsson, 2004) , which is in accordance to our results from a single system (Figures 2 and 3) . A positive correlation of LD28 to the chlorophyll a of the dominant primary producer of Lake Zurich, the cyanobacterium Planktothrix rubescens, has been reported before (Salcher et al., 2011a) . Moreover, an operational taxonomic unit affiliated with LD28 was exclusively present in the depth layer of maximal P. rubescens densities in this lake (Van den Wyngaert et al., 2011) . Methylophilaceae were also highly abundant in mesocosms containing the cyanobacterial toxin microcystin (Mou et al., 2013) . Marine Methylophilaceae were enriched in seawater chemostats amended with diatom and cyanobacterial dissolved organic matter only after six generation times, but not after three, pointing at slow growth and a potential cross-feeding of C1 compounds that were released by other microbes (Landa et al., 2014) . Slow growth is also in accordance with our experimental data from isolate MMS-2-53 (Figure 4) . Interestingly, strain HTCC2181 of the marine OM43 lineage grows much faster than strain MMS-2-53 (Giovannoni et al., 2008; Halsey et al., 2011) , although it shares several metabolic and genomic features with LD28 (for example, comparable cell yields, synergistic effects of a second C1 substrate, genome size, GC content and methylotrophic pathways).
Nutrient acquisition by LD28 and PRD01a001B
Both genotypes showed a negative correlation to nitrate and phosphate concentrations (Figure 3 , Supplementary Figure S2 ), which is partly in agreement with earlier studies (Salcher et al., 2011a; Eiler et al., 2012) . High-affinity phosphate transporters (Pst) for scavenging phosphorus at low concentrations were encoded in both genomes. Therefore, these microbes seem to be well adapted to phosphorus limitation. Some freshwater Methylophilaceae showed chemotaxis toward ammonium and phosphate (Dennis et al., 2013) , although the taxonomic resolution in that study was not sufficient to discriminate between different lineages. We found a positive correlation to ammonium (Figure 3 ), as well as several genes encoding ammonium transporters in both genotypes. Thus, it seems likely that nitrogen demand is covered by ammonium uptake.
It is unclear what triggered the high abundances of microbes affiliated with PRD01a001B in summer 2011 (Figure 2, Supplementary Figure S1 ), but our observation nevertheless illustrates the importance of long-term time series for understanding the ecology and occurrence patterns of these slowly growing methylotrophs in lakes. Generally, the PRD01a001B lineage of Methylophilaceae is less explored than LD28, however, they were detected in a wide range of freshwater and oligosaline lakes (Wu et al., 2006) .
Psychrophilic methylotrophs?
Negative correlations of planktonic freshwater Methylophilaceae and water temperature have been reported previously (Salcher et al., 2008 (Salcher et al., , 2011a . However, so far it was not clear if these patterns were triggered by water temperature per se or by other covarying factors such as higher nutrient availability in deeper water layers and during mixis events. Here, we experimentally demonstrate a relationship between incubation temperature and cell yield of strain MMS-2-53 ( Figure 5 ). Although growth was also observed at higher temperatures (22°C), bacteria reached significantly lower densities compared with 6°C. Thus, we propose that these microbes are psychrophilic, that is, adapted to low temperatures. Interestingly, this psychrophilic aspect of growth seems to be enhanced by the availability of an additional C1 source, methylamine. Most of our strains were isolated during autumn-spring (65%), while in summer, when water temperatures reached 420°C, we were less successful (Supplementary  Table S1 ). However, further studies are needed to test for strain-specific temperature optima, as even closely related isolates can profoundly differ in their thermal adaptation (Hahn et al., 2014; Yung et al., 2014) .
Genomic similarities and differences within Methylophilaceae
The very small genome size and low GC content of strain MMS-2-53 (Table 2, Supplementary Figure S5 ) is comparable to the streamlined genomes of marine methylotrophs HTCC2181 and HIMB624 of the OM43 clade (Giovannoni et al., 2008; Huggett et al., 2012) . Strain MMS-10A-171 has a slightly larger genome, a higher GC content and shares more protein-coding genes with Methylotenera, Methylobacillus and Methylovorus (Table 2, Figure 6 , Supplementary Figure S6 ). Both strains and members of the marine OM43 lineage encode similar types of rhodopsins, light driven proton pumps that are tuned to green light and thus, may be beneficial in productive conditions in lakes (Giovannoni et al., 2008) . Moreover, our isolates were obligate methylotrophs, as already suggested earlier because LD28 bacteria did not incorporate amino acids or sugars in microautoradiography assays (Salcher et al., 2008 (Salcher et al., , 2013 . Both isolates possess genes encoding a special variant of MDH (xoxF) that most likely require the rare earth metal lanthanum as cofactor (Hibi et al., 2011; Beck et al., 2014) . Methylotrophy is a very modular metabolic system; formaldehyde in particular can be oxidized via several different pathways, either by a formaldehyde dehydrogenase, via the H 4 F pathway or the H 4 MPT pathway (Chistoserdova 2011) . Both isolates encode genes for the H 4 F pathway. Strain MMS-10A-171 also encodes genes for the H 4 MPT pathway, whereas it is absent in MMS-2-53 and in OM43 microbes (Giovannoni et al., 2008; Huggett et al., 2012; Figure 6b ). Isolate MMS-2-53 grew to higher densities in the presence of methylamine as second C1 substrate, although we could not detect genes encoding methylamine oxidation (Figures 5 and 6 ). However, alternative routes for C1 substrate entry to the oxidative H 4 F pathway have been proposed for the marine OM43 (Halsey et al., 2011) . One gene (metF) that may facilitate methylamine oxidation together with a so far unknown methyltransferase is present in both analyzed genomes (Figure 6 , Supplementary Table  S2) ; thus, these microbes may be able to oxidize also other C1 compounds than methanol. Methanol is mainly used by microbes for obtaining energy (up to 97% in oligotrophic regions of oceans) but can also contribute up to 50% to bacterial carbon demand (Dixon et al., 2011a (Dixon et al., , 2013 . In the presence of other C1 compounds, methanol may thus be directly channeled to the ribulose monophosphate cycle for biomass production, whereas other C1 compounds may fuel energy demands. However, gene expression analyses are needed to verify this hypothesis and identify genes for methylamine oxidation.
Putative description of a new genus of Methylophilaceae
The low degree of sequence similarities on the level of 16S ribosomal RNA genes (o95.6%), digital whole-genome DNA-DNA hybridization (o26.2%) and shared protein-coding genes (o20% , Table 1 ) suggests that the here described isolates as well as the marine OM43 clade are not affiliated with any described genus of Methylophilaceae. Therefore, we propose a new provisional genus with two new species, that is, 'Candidatus Methylopumilus planktonicus' for LD28 with MMS-2-53 as type strain and 'Candidatus Methylopumilus turicensis' for PRD01a001B with MMS-10A-171 as type strain. Currently, additional analyses required for a formal species description, such as detailed metabolic analyses and cellular phospholipid fatty acids profiling, are hampered by the high amounts of biomass required for such assays. Moreover, we still face difficulties in composing a completely synthetic growth medium; so far, both isolates only grow well in sterile lake water.
Conclusion
We provide first insight in the ecology and unique lifestyle of an important group of so far uncultivated ubiquitous freshwater bacteria that occupy a distinct niche in the pelagic zone of lakes. This was achieved by combining high-resolution environmental monitoring, isolation of pure cultures, metabolic tests and genome sequencing of isolates. The two investigated strains remarkably differed in genome size (1.36 vs 1.76 Mb) and methylotrophic pathways ( Figure 6 , Table 2, Supplementary Table S2 ). It is conceivable that a common ancestor of our freshwater strains and the marine OM43 lineage already underwent gene streamlining (that is, loosing several genes encoding methylotrophic pathways), but also gained new genes via horizontal gene transfer (encoding, for example, rhodopsins). As genome reduction is more pronounced in strain MMS-2-53 than in MMS-10A--171, we believe that these microbes are ideal model organisms for future studies regarding gene loss and genome streamlining.
